The electron-stimulated desorption ͑ESD͒ of D Ϫ ions from condensed D 2 O films is investigated. Three low-energy peaks are observed which are identified as arising from excitation of 2 B 1 , 2 A 1 , and 2 B 2 dissociative electron attachment ͑DEA͒ resonances. A fourth, higher energy feature is also seen in the D Ϫ yield which is likely due to the formation of a transient anion state that dissociates and/or decays into a dissociative excited state. The energies and ion yields of the resonances vary with the temperature and morphology of the D 2 O film. Below 60 K, the work function of the ice films changes with temperature and the DEA resonances shift in energy. The D Ϫ ESD yield generally increases with temperature, but it deviates from this trend at temperatures corresponding to structural phase transitions in ice. The ( 2 B 1 ) D Ϫ temperature dependence is remarkably similar to that observed for the ESD of low-energy D ϩ ions from D 2 O ice, even though the two originate from different electronic excitations. These results are attributed to thermally induced changes in the hydrogen bonding network, which changes the lifetimes of the predissociative states that lead to ESD and which also allows for the reorientation of surface molecules.
I. INTRODUCTION
Resonance structure is often observed in the cross sections for low-energy electron scattering from isolated molecules due to the formation of transient negative ion states, which decay either via electron autodetachment or dissociative electron attachment ͑DEA͒. DEA typically involves multielectron resonances consisting of an excess electron bound temporarily to an electronically excited molecule. These core-excited transient anion states are generally twoelectron, one-hole configurations which are classified as either Feshbach or shape resonances. Since the lifetimes of Feshbach resonances are sufficiently long (ϳ10 Ϫ12 -10 Ϫ14 s) for significant nuclear motion to occur, dissociation into stable anion and neutral fragments will result provided one of the fragments has a positive electron affinity and that the excited anionic state is symmetry allowed and dissociative in the Franck-Condon region.
Resonance structure is also observed in the electron scattering and electron stimulated desorption ͑ESD͒ cross sections of condensed molecules. [1] [2] [3] [4] [5] Since these resonances are highly localized, they can be conceptualized using a singlesite scattering picture. However, additional factors must be considered due to the influence of the surrounding medium. These include: ͑1͒ changes in the symmetry of the scattering event, ͑2͒ the fixed orientation of the molecule with respect to the surface, ͑3͒ the polarization response of the medium, ͑4͒ short-range interactions between the molecules, ͑5͒ image interactions with the substrate, ͑6͒ the occurrence of new decay channels, ͑7͒ inelastic scattering of the incident electron, and ͑8͒ in the case of DEA, postdissociation interactions between the ion fragment and the surrounding medium. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] To date, there are no predictive models that specify which of these factors have the greatest influence in a particular system. Hence, it is of general interest to investigate how condensation affects electron-molecule scattering in various systems.
Water has obvious biological and chemical significance, and it is also an excellent substance for investigating the effects of condensation on DEA. The vapor pressure of water below ϳ175 K is less than 10 Ϫ5 Torr, 13 which is sufficiently low to enable the investigation of water films under ultrahigh vacuum ͑UHV͒ conditions over a wide temperature range. Water films are also highly polarizable and exhibit a number of morphologies which depend on the growth conditions and film temperature. In addition, hydrogen bonding interactions between neighboring water molecules can, in principle, affect DEA resonance energies and ESD ion yields.
The DEA resonances in water vapor are well characterized. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ESD yield has a threshold at ϳ5.5 eV and it peaks at ϳ7.4 eV, with a shoulder at ϳ9 eV. 9 This structure in the anion yield was attributed to excitation of the 2 B 1 and 2 A 1 DEA resonances, respectively, which are ϳ1 eV higher in energy and broader than in the gas phase. The energy shift was attributed to perturbations of the electronic structure of water upon condensation. 9 When D 2 O is substituted for H 2 O, the main ( 2 B 1 ) DEA resonance narrows in the same manner as is seen in the gas phase, indicating that inelastically scattered electrons do not contribute significantly to the width of the resonance. 9 Instead, the increased width of the resonance was ascribed to condensation-induced changes in the potential energy surfaces involved in the dissociation process. Energy-and angle-resolved D Ϫ ESD measurements from D 2 O multilayers reveal additional differences between anion production in gas-and condensed-phase water. At low E i , the most probable kinetic energy of the desorbing anions increases linearly with energy, having a slope close to that seen in the gas phase ͑0.4 eV/eV͒. 12 However, the ion kinetic energy distributions are shifted down by ϳ0.5 eV and are noticeably broader. In addition, the measured angular distributions of the desorbing ions do not reflect the symmetry of the transient excited states, as they do in the gas phase. Instead, they peak in the surface normal direction. 12 Finally, electron energy-loss measurements of H 2 O multilayers indicate that condensation opens up an additional decay channel for the 2 B 1 Feshbach resonance which can couple, via longrange dipole interactions, to intermolecular vibrational modes of the surrounding film. 8 In this article we demonstrate that the energies and ion yields of the three low-energy DEA resonances depend on the temperature and morphology of the film. We also report a fourth, higher energy feature in the D Ϫ yield which may be associated with a DEA resonance and/or the creation of ion pairs. We discuss how the temperature and morphology dependence of the ion yields results from changes in the hydrogen bonding network and from the reorientation of surface molecules. The experimental procedure and sample preparation techniques are described in Sec. II. A discussion of the energy, temperature, and morphology dependence of the D Ϫ ESD yield is presented in Sec. III. Finally, a summary of our observations and conclusions is presented in Sec. IV.
II. EXPERIMENTAL PROCEDURE

A. Ultrahigh vacuum systems and techniques
The experiments were carried out at Pacific Northwest National Laboratory ͑PNNL͒ and at the University of Sherbrooke. The PNNL apparatus consists of an UHV chamber ͑base pressure ϳ2ϫ10 Ϫ10 Torr͒ equipped with a pulsed low-energy electron gun, an effusive gas doser, a quadrupole mass spectrometer ͑QMS͒, a time-of-flight ͑TOF͒ detector, and a Pt ͑111͒ crystal mounted on a liquid-nitrogen-cooled manipulator. The Pt crystal was cleaned by repeatedly heating it to ϳ1200 K in O 2 ͑5ϫ10
Ϫ8 Torr) and then in UHV. The temperature was measured with a K-type thermocouple, spot welded to the side of the crystal. For temperature programmed desorption ͑TPD͒ and temperature-dependent ESD measurements, the ice films were heated radiantly using a tungsten filament mounted behind the Pt crystal.
The films were grown via vapor deposition of ultrapure D 2 O. A calibration of the film thickness and temperature was made by comparing D 2 O TPD spectra to computer models and to published data. [29] [30] [31] [32] [33] Based on this calibration, we estimate an uncertainty of Ϯ5 K in the temperature and ϳ20% in the coverage. Coverages are reported here in terms of ice bilayers (ϳ10 15 molecules/cm 2 ). 34 In the PNNL apparatus, a monochromatic electron beam, having an energy spread of 0.3 eV full width at halfmaximum ͑FWHM͒, was focused onto D 2 O ice films grown on the Pt ͑111͒ crystal. The desorbing D Ϫ ions were collected using a 50 V pulse to accelerate them into the TOF spectrometer for detection via gated integration. Accelerating the low-energy ions into the detector guarantees that ions emitted at all angles from the surface are collected and also eliminates any energy bias the detector may have. The incident electron beam was pulsed at 100 Hz, with a pulse duration of 1 s and an instantaneous current density of ϳ7ϫ10 Ϫ7 A in a spot size of ϳ10 mm 2 ͑7ϫ10 Ϫ10 A/cm 2 time-averaged current density͒. Under these conditions the D Ϫ signal is linear in the incident electron flux and exhibits well-resolved structure as a function of E i . Increasing the time-averaged current density by more than a factor of 2 from this value, however, leads to a noticeable loss of resolution in the observed electron energy dependence. 35 The D Ϫ energy and temperature dependence data collected at PNNL are the sum of five to ten separate scans, each typically collected from a freshly grown film. Since the electron flux to the sample changes slightly with E i , the data are normalized to the incident electron current. Hence, the reported D Ϫ yield represents the number of ions generated per incident electron, which is on the order of 10 Ϫ5 . This normalization does not introduce any additional structure to the data.
The Sherbrooke ESD apparatus and experimental techniques have been described in detail elsewhere. 7, 9, 10 In brief, the system consists of an UHV chamber ͑base pressure ϳ2ϫ10 Ϫ10 Torr͒ containing a cryo-cooled polycrystalline Pt foil, a low-energy electron monochromator ͑80 meV FWHM͒, and a QMS. The Pt foil was cleaned by resistive heating. Doubly distilled D 2 O was vapor-deposited on the foil. Film thickness was estimated using a volumetric dosing technique, 36 and has an estimated accuracy of ϳ50%. D Ϫ ions were generated by the impact of a monochromatic electron beam ͑5ϫ10 Ϫ9 A in a 12 mm 2 spot, or 4ϫ10 Ϫ8 A/cm 2 ͒ and detected using the QMS. Heating was achieved by turning off the cooling system and allowing the film to warm slowly from the base temperature of 23 K.
Low-energy electron transmission ͑LEET͒ measurements were also carried out at Sherbrooke using a similar sample preparation method. Details of the LEET apparatus and technique can be found in Refs. 37 and 38. For the LEET measurements, a magnetically collimated monochromatic electron beam ͑FWHMϳ40 meV͒ impinges on an ice film condensed onto a polycrystalline Pt foil. A LEET spectrum is obtained by collecting the electron current transmitted through the film to ground as a function of the potential applied between the electron source and the Pt substrate. The transmitted electron current rises sharply at the zero energy reference ͑ZER͒ of the vacuum level, producing a structure called the injection curve. The half-height of this curve defines the ZER, within the beam resolution, and variations in the work function of the sample cause the ZER to shift in an equivalent manner.
B. Ice film preparation
Four known ice polymorphs, two amorphous and two crystalline, are stable under UHV conditions in the temperature range considered here ͑23-190 K͒. Ice films grown by vapor deposition at substrate temperatures below ϳ110 K are amorphous and have a large surface-to-volume ratio arising from a high density of micropores. 32 These pores collapse if the film is warmed to ϳ120 K, resulting in a higher density form of amorphous ice. [39] [40] [41] [42] [43] Nonporous amorphous ice can also be grown directly by depositing water vapor at temperatures between ϳ110-140 K. Annealing an amorphous ice film above the amorphous-to-crystalline phase transition temperature ͑ϳ155 K for the conditions used in this study͒ leads to crystallization of the film. 33, 41, 44 Crystalline films can also be grown directly by depositing water vapor at temperatures above ϳ150 K but below the onset for appreciable D 2 O desorption, which is ϳ160 K. Since we cannot discern from our measurements whether our growth conditions produce hexagonal I h (0001) or cubic I c (001) ice, which differ only in their bilayer stacking sequence, we simply refer to these films as crystalline. Note that, depending on the type of water ͑H 2 O or D 2 O͒ and the rate of heating, the temperatures given above may vary by as much as 10 K. 33, 42, 44 
III. RESULTS AND DISCUSSION
A. Energy dependence of the D ؊ yield
The energy dependence of the D Ϫ ESD yield from D 2 O ice, shown in Fig. 1 , exhibits several resonances. There are two intervals, 5-14 eV and 18-32 eV, in which the D Ϫ signal rises significantly above the baseline. While the higher energy feature appears to be a single broad peak, the region below 15 eV is composed of three separate features. As shown in the inset, the signal peaks at ϳ7 eV, with a pronounced shoulder at ϳ9 eV and a slightly less intense feature at ϳ11 eV. A sum of three Gaussian peaks and a linearly increasing background fits this data reasonably well. The baseline gradually increases with E i in the TOF data in Fig. 1 , which is not observed when using a QMS for detection. Below ϳ16 eV, the roughly linear increase in the baseline with E i most likely results from a rise in the number of scattered electrons that pass through the TOF tube. Above ϳ16 eV, dipolar dissociation also contributes to the baseline.
A schematic representation of the electronic structure of water vapor and ice is given in Fig. 2 45, 46 The two lowest-lying unoccupied orbitals are the 4a 1 and 2b 2 . 45 The strongly antibonding 4a 1 orbital mixes with the 3s Rydberg state, 47 and hence is denoted as 3s:4a 1 .
In many regards, the electronic structure of ice varies little from that of water vapor. The 2b 2 orbital is apparently replaced by the conduction band and the other valence levels are broadened and shifted slightly in energy. 31, 46, [48] [49] [50] [51] [52] [53] [54] Calculations indicate that the a 1 bands exhibit the most dispersion, whereas the 1b 1 and 1b 2 levels are essentially dispersionless. 55, 56 The unoccupied 4a 1 level is in the band gap and is expected to be localized ͑excitonic͒ in nature. 54 The conduction band is rather narrow, with the band minimum only ϳ1 eV below the vacuum level, 49 and the Fermi level is estimated to be roughly 5 eV above the 1b 1 band maximum. 51 
FIG. 1. D
Ϫ signal vs incident electron energy, collected at 120 K from a five-bilayer film of amorphous ice, which was grown at 90 K. The inset contains a more detailed scan in the energy range 3-15 eV, along with a fit to the data ͑see text͒.
We attribute the low-energy structure in the D Ϫ ESD yield to three DEA resonances in water. The 2 B 1 , 2 A 1 and 2 B 2 resonances, which correspond to states having two 3s:4a 1 electrons and a hole in the 1b 1 , 3a 1 , or 1b 2 orbital, respectively, have been observed in water vapor, where the ratio of their cross sections for H Ϫ production is about 600:120:1, respectively. 14, 20 The antibonding nature of the 3s:4a 1 orbital makes these excited states highly dissociative. Observations of simultaneous charge and energy transfer from negatively charged excitons in rare-gas films to physisorbed H 2 O molecules 28, 57 indicate that, while much of the Rydberg character of this level may be lost upon condensation, at least some is retained. The 4a 1 level also retains much of its dissociative nature since both the 2 B 1 and 2 A 1 resonances have been observed previously to generate measurable D Ϫ ESD yields from condensed water films. 9, 12 The energies and intensities of the two lowest-energy peaks in Fig. 1 are consistent with these earlier ESD measurements, 9, 12 and are therefore assigned as the 2 B 1 and 2 A 1 DEA resonances, respectively. The third feature, at ϳ11 eV, is only resolvable at very low current densities 58 and has not been observed previously in ESD studies. Maintaining the correspondence between gas-phase and condensed-phase results, we assign this feature to the 2 B 2 Feshbach resonance.
We consider two possible explanations for the broad feature between ϳ18 and 32 eV. Since studies of negative ion resonances are often limited to electron energies below 20 eV, there is no report of such a high-energy feature in the H Ϫ /D Ϫ yield from water vapor with which to compare. Similar structure has been observed at ϳ22-38 eV in the O Ϫ DEA yield from H 2 O vapor and is attributed to the onset of ion pair formation. 21, 22 The energies required to generate D Ϫ from D 2 O vapor via ion pair formation are estimated to be ϳ22 and 36 eV but may be somewhat lower for condensed water because of dielectric screening. A priori, ion pair formation could lead to the structure in the D Ϫ signal at ϳ18-32 eV. However, unless the cross sections for ion pair formation include the effect of resonances, they are expected to increase monotonically with energy from threshold. It is therefore highly plausible that negative ion resonances associated with a hole in the 2a 1 orbital are responsible for the 22 eV maximum seen in Fig. 1 . Kimmel and Orlando recently observed nearly identical structure in the D 2 yield resulting from the electron bombardment of D 2 O ice. 59 The yield of D 2 in the ͑Jϭ0, ϭ0, 2͒ states increases noticeably between 18 and 32 eV, but no corresponding change is seen for the ͑Jϭ0, ϭ1͒ state. This propensity to occupy only certain vibrational states seems inconsistent with ion pair formation. Instead, the existence of a negative ion resonance associated with excitation of the 2a 1 orbital was proposed to explain these results, with the width of the peak resulting from satellites associated with decay of the deep 2a 1 valence level. 59 The production of D Ϫ through similar excitations can also explain the higher energy structure observed in the ESD yield.
B. Temperature and morphology dependence of the D ؊ yield
An ESD excitation must remain localized for a sufficiently long time that significant nuclear motion can occur prior to decay. Therefore, the lifetime of the dissociative transient anion state determines, in large part, the D Ϫ ESD yield from D 2 O ice. Since DEA involves localization of the attached electron, the lifetimes of DEA resonances ͑and hence their ESD cross sections͒ are expected to be sensitive to the local potential which, in turn, varies with the film's morphology and temperature. This effect should be most evident in water films, where short-range interactions between neighboring molecules perturb their local electronic structure. To investigate this effect we measured the temperature dependence of the negative-ion ESD yield from crystalline and amorphous ice films.
The temperature dependence of the D Ϫ signal from 20 bilayers of porous amorphous ice, grown at 27 K, is shown in Fig. 3 . Both the resonance energies and the ion yields change with temperature. An analysis of the D Ϫ onset energy and the energy and intensity of the low-energy resonance peak indicates that there is a break in this behavior at around 60 K. The peak intensity increases fivefold between 27 and 60 K, remains roughly constant between 60 and 100 K, then more than doubles in going from 100 to 140 K. From 27 to 60 K, the onset and peak energies shift down ϳ1.6 eV, whereas above 60 K the onset and peak energies are essentially unchanged.
Changes in the work function of the ice film account for less than half of the observed energy shifts. Figure 4 shows the results of LEET measurements carried out on a tenbilayer H 2 O film grown at 23 K. The temperatures at which the data were collected are indicated in the figure. The LEET spectra clearly shift to lower energy with temperature in a quantitative match ͑note the different scales on the ordinate axes͒, there is good qualitative agreement between them. The similarity in their temperature dependence suggests that the changes in the work function and the shift in the DEA resonance energies have a common origin. Although the nature of the transformation that occurs in ice below 60 K is unclear, there is some evidence indicating that vapor-deposited amorphous ice undergoes a gradual structural transition when heated from 38 to 68 K, 60 which may be responsible for the changes observed in the LEET and DEA data in that temperature range. Figure 6 shows how the energy dependence of the D Ϫ signal changes with temperature for 60 bilayers of porous amorphous and crystalline D 2 O ice. The films used to generate Fig. 6 were grown at 90 K ͑porous amorphous͒ or 155 K ͑crystalline͒, then heated or cooled to the temperature given in the figure for data collection. At sufficiently low temperatures the overall D Ϫ signal is reduced and the 2 B 1 , 2 A 1 , and 2 B 2 intensities are roughly comparable. The DEA resonances shift to lower energy as the temperature of the film is increased, however, and the ESD yield rises significantly. This effect is greatest for the 2 B 1 resonance. In addition, the temperatures at which these changes occur and the magnitude of the changes are sensitive to the morphology of the film, as can be seen from a comparison of Figs. 6͑a͒ and 6͑b͒.
It is reasonable to expect the energies and cross sections for exciting DEA resonances in ice to change with the temperature and morphology of the film. The 3s:4a 1 orbital, which is doubly occupied in the three low-energy DEA resonances, is clearly affected by condensation. Rosenberg et al. showed that the K-shell excitations of isolated water molecules are severely perturbed and broadened in bulk ice due to interactions between hydrogen atoms on nearby water molecules, and that excitations to the 3s:4a 1 Rydberg orbital apparently only survive in the surface molecules, due to their reduced coordination. 61 It is the diffuse nature of the 3s:4a 1 Fig. 4 plotted along with the onset and peak energies of the dissociative electron attachment data shown in Fig. 3 . for 1 B 1 and 7.03 Å 2 for 1 A 1 ͒ indicate that the gas-phase radius of the 3s:4a 1 orbital is comparable to the nearestneighbor separation in ice ͑2.8 Å͒. 47 Rowntree et al. suggested that a reduction in the 3s Rydberg contribution to the 4a 1 antibonding orbital, arising from this nearest-neighbor overlap, can explain the shifting and broadening of DEA resonances seen in condensed water. 9 Their assertion is supported by calculations of Winter et al., which show that the inclusion of 3s Rydberg orbitals in the CI basis set reduces the calculated energy of the gas-phase 1 B 1 and 1 A 1 states by 1.33 and 4.96 eV, respectively. 62 Thus, condensationinduced perturbations of the 3s:4a 1 orbital are probably responsible for the difference between the DEA resonance energies of water vapor and ice, and we suggest that they also contribute to the energy shifts observed as the temperature and morphology of the condensed films are varied.
The energy shifts may also result, in part, from condensation-induced changes in the 1b 1 , 3a 1 , and 1b 2 bands, since these levels are involved in the three low-energy resonances. Valence-band photoemission studies of thin ice films show that the binding energies and widths of the three highest occupied molecular orbitals of water are affected by condensation and, to a certain degree, by the temperature, thickness and morphology of the film. 31, 51, 63 If the widths and energies of the levels involved in the DEA resonances change, the DEA resonance energies and lifetimes, and hence the ESD yield, will also change.
Since ice is an insulator, electrostatic charging of the films is a concern as charging could change the apparent energy of the resonances, as well as their ESD yields. However, the experiments presented in this article were performed under essentially charge-free conditions. Under such conditions, experiments carried out in the two labs using incident current densities that vary by nearly two orders of magnitude yield similar results. Also, since the buildup of charge in the film acts differently on oppositely charged ions, the similarity between the temperature dependence of the D ϩ and D Ϫ ESD yields from D 2 O ice ͑shown in the following section͒ reflects, among other things, the film charge neutrality. More details regarding charge trapping in ice films will be presented in a forthcoming publication.
64
C. Similarity in the D
؉ and D ؊ ESD yields
The temperature dependence of D ϩ and D Ϫ ESD yield from ice show some interesting parallels. The D ϩ velocity distributions, which are at least bimodal, can be separated into ''fast'' and ''slow'' components. 65 The thickness, morphology, and temperature dependence of the ''slow'' D ϩ yield, which arises from (3a 1 )
Ϫ2 (4a 1 ) ϩ1 excitations, are nearly identical to those observed for ( 2 B 1 ) D Ϫ ESD. 65 Their similarity is illustrated in Fig. 7 , which shows the temperature dependence of the D Ϫ and ''slow'' D ϩ ESD yields, each collected from 40-bilayer amorphous and crystalline ice films. Also shown in the figure are D 2 O TPD spectra, for comparison. Note that the crystallization temperature for the amorphous film can be determined from the TPD data by observing the point at which the D 2 O thermal desorption rate dips ͑at ϳ155 K͒, which is caused by a reduction of the vapor pressure of D 2 O upon crystallization. 29, 32, 33 Although the cations and anions originate from different electronic excitations ͑2h1e for D ϩ and 1h2e for D Ϫ ͒, their yields have a nearly identical temperature dependence. This resemblance suggests that the changes in the cation and anion yields with film thickness, temperature, and morphology have a common origin.
Sieger, Simpson, and Orlando attribute the rise in the D ϩ ESD yield with temperature to a thermally activated reduction in surface hydrogen bonding which increases the lifetimes of the excited states responsible for ion desorption, especially those excited states that involve the a 1 bands of ice. 65 Since the excitations that lead to D Ϫ and low-energy D ϩ desorption both involve occupation of the 4a 1 level, which is strongly influenced by nearest-neighbor interactions, it is likely that thermally induced changes in the lifetime and energy of the 4a 1 level are primarily responsible for the temperature dependence of the D ϩ and D Ϫ ESD yields. Moreover, since the increase in the ESD yield with temperature occurs at the point where the generation and transfer of defects becomes feasible, 44, 66, 67 we suggest that the enhanced lifetimes at elevated temperatures result from a FIG. 6 . ͑a͒ D Ϫ signal vs incident electron energy, collected at various temperatures from 60-bilayer porous amorphous ice films ͑grown at 90 K͒. ͑b͒ D Ϫ signal vs incident electron energy, collected at various temperatures from 60-bilayer crystalline ice films ͑grown at 155 K͒. Individual scans are offset vertically for display and labeled with the temperature at which they were collected. The films were heated radiantly.
weakening of the hydrogen bonding network, which reduces the effective overlap between adjacent molecules, thereby increasing the lifetime of an excitation localized on a particular molecule.
D. Reversible and irreversible phase transitions
A number of structural changes occur in ice as the temperature is raised. The density of ice generally decreases with increasing temperature, 68 with one apparent exception. As porous amorphous ice is heated to ϳ120 K it undergoes a structural transition in which the pores collapse and the density actually increases from 0.6 to 0.9 g/cm 3 . [39] [40] [41] [42] [43] Ice also goes through a reversible ''glass transition,'' whose temperature (T g ) has been reported to be anywhere from 124 to 137 K for amorphous ice 44, 66 and ϳ140 K for cubic crystalline ice. 67 Below T g , inherent disorder in the proton sublattice is frozen in whereas, above T g , enhanced proton mobility enables configurational rearrangement of the hydrogen network through molecular reorientation, accompanied by the formation and transfer of Bjerrum defects. The energy needed to form Bjerrum defects is ϳ300 meV, 69 while the energy required to mobilize pre-existing defects is somewhat lower. 70 In a typical ice film there are a large number of pre-existing Bjerrum L defects ͑i.e., missing hydrogen bonds͒, which form as the film is grown. 69 In fact, the volume density of these defects can be as high as ϳ10
19 cm Ϫ3 near the surface, 71 yielding an area density of 10 12 -10 13 cm
Ϫ2
͑roughly one defect for every 10 2 -10 3 surface molecules͒. These L defects, whose formation and transport is expected to weaken the hydrogen bonding network, become mobile at temperatures as low as ϳ100 K for amorphous ice and ϳ130 K for crystalline ice. 72, 73 At sufficiently high temperatures, amorphous ice crystallizes. Crystallization has been reported to occur at temperatures ranging from 145 to 172 K, 33, 42, 44, 72 depending on the heating rate used. The crystallization of amorphous ice is, in fact, a kinetically limited process whose activation energy has been determined to be 67 kJ/mol. 32 The intensity of the D Ϫ ESD signal arising from the excitation of the 2 B 1 DEA resonance at ϳ7 eV changes dramatically with temperature, and its temperature dependence varies with the morphology of the film. The thermally induced changes in the ( 2 B 1 ) ESD yield seem to correspond with known phase transitions in ice. A comparison of the ( 2 B 1 ) D Ϫ temperature dependence for 60-bilayer films of porous ͑open circles͒ and nonporous amorphous ice ͑filled circles͒ is shown in Fig. 8͑a͒ . Between 110 and 130 K the D Ϫ signal from the porous film is greater than that from the nonporous film. This result is highly reproducible. Since the micropores are the only significant difference between the two ice polymorphs, the dissimilarity in their ESD yield in this temperature range likely results from the presence of the pores. Figure 8͑b͒ shows what happens to the ( 2 B 1 ) D Ϫ signal from a 60-bilayer film of porous ice if its temperature is ramped to 130 K ͑open circles͒ and then brought back down to 90 K before heating it up to 190 K ͑filled circles͒. Annealing the film to ϳ130 K, which is expected to collapse the pores, causes an irreversible change in the temperature dependence of the D Ϫ yield so that it mimics the behavior seen in the nonporous film grown at 110 K. This indicates that the ESD yield is sensitive to the presence of the pores and, in fact, may be useful in monitoring pore collapse. Figure 9͑a͒ shows a comparison of the ( 2 B 1 ) D Ϫ temperature dependence for 60-bilayer films of nonporous amorphous ͑open circles͒ and crystalline ice ͑filled circles͒. There is a clear difference in their ion yields between ϳ125 and 160 K. The D Ϫ signal from the amorphous film rises significantly above that from the crystalline film at ϳ125 K, then drops back down at 155-160 K. The D Ϫ yield from the crystalline film increases with temperature, with an onset at ϳ135 K. This increase is reversible, in the sense that heating the ice causes the signal to rise monotonically whereas cooling it down causes the signal to drop. This can be repeated several times with essentially the same results if the temperature is kept below the onset for appreciable thermal desorption. The increase in D Ϫ signal from the amorphous film also appears to be reversible as long as the film remains amorphous. These reversible increases in the ion yield, at ϳ125 K for amorphous ice and at ϳ135 K for crystalline ice, do not correlate with any known structural transitions in ice, but they are consistent with the aforementioned glass transitions in ice. Since the glass transitions are reversible and occur at roughly the same temperatures at which the D Ϫ yield increases, it is likely that the rise in the D Ϫ signal with temperature is related to the changes that occur in ice when the proton sublattice becomes mobile. Figure 9͑b͒ shows how the ( 2 B 1 ) D Ϫ signal changes if a porous amorphous film is heated to 155 K ͑open circles͒ and then cooled back down to 90 K before ramping the temperature to 190 K ͑filled circles͒. This preannealing cycle is expected to crystallize the amorphous film. An irreversible change in the temperature dependence of the yield is observed, as a result of the annealing, and the D Ϫ temperature dependence from the annealed film resembles that from a crystalline film grown at 155 K. Hence, the ESD yield is also sensitive to the crystallinity of the film, and could possibly be used to monitor crystallization.
E. Thermally induced changes in surface structure
The ESD yield derives almost entirely from the molecules comprising the outermost few layers of the surface.
Hence, any changes in the surface structure brought about by a decrease in the degree of hydrogen bonding near the surface should have a strong effect on the ESD yield. A recent set of studies have shown that at sufficiently low temperatures the surface of ice has a large number of molecules in 3-and 4-coordinate geometries, with fewer dangling O-H bonds than an ideally terminated surface. [74] [75] [76] The increased coordination is apparently due to surface molecules that twist away from their ideal bulk-terminated positions to form additional hydrogen bonds with molecules in the bulk. Although this increases the strain at the surface, it reduces the overall surface free energy. One might expect that a weakening of the hydrogen bonding network near the surface would enable this highly strained surface to relax toward a bulklike termination having more 2-and 3-coordinate molecules. In a study of H ϩ desorption from H 2 O, Rosenberg et al. noted that there are basically six types of surface sites on ice and suggested that the configurations having one or both O-H bonds pointing away from the surface generally have higher ESD cross sections than those whose O-H bonds point toward other water molecules in the film. 77 This implies that a surface terminated with many 3-and 4- coordinate molecules has a relatively low ESD cross section. However, if heating causes it to relax to a more bulklike termination, the ESD yield should increase since the surface molecules will be in configurations with one or more O-H bonds pointing toward the vacuum. Although this is surely occurring to some extent, its contribution to the overall increase in the ion yield with temperature is unclear.
IV. CONCLUSIONS
In summary, we observe four features in the ESD of D Ϫ from condensed D 2 O films. The three lowest energy features are identified with the formation of 2 B 1 , 2 A 1 , and 2 B 2 DEA resonances. The fourth is likely due to another resonance that either decays via dissociative attachment and/or decays into an excited state that dissociates into an ion pair. The DEA resonance energies and their ion desorption yields change with film temperature and morphology. Some of the energy shift is due to work function variations that occur in films grown at extremely low temperatures. The remaining shift is due to changes in the electronic structure of the water molecules brought about by interactions with their nearest neighbors. The ( 2 B 1 ) D Ϫ yield is found to increase with temperature, but it deviates from this trend at temperatures corresponding to structural phase transitions in bulk ice. Similar behavior is observed in the ESD of low-energy D ϩ ions from D 2 O ice. The general increase in D ϩ and D Ϫ yields with temperature is consistent with thermally induced changes in the hydrogen bonding network brought about by defect formation and transport, which affect the lifetimes of the predissociative states that lead to ESD, especially those involving the a 1 levels. The deviations in the D Ϫ signal at temperatures corresponding to irreversible structural phase transitions in bulk ice also suggest that the ice structure, particularly at the surface, influences the ion yield. While raising the temperature affects both the structure of the surface and the strength of the hydrogen bonding network, further investigation is required to determine the relative contribution of each to the changes observed in the ESD yield.
